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Volcanic plumbing systems are the pathways through which volatiles are exchanged between the deep 
Earth and the atmosphere. The interplay of a multitude of processes occurring at various depths in 
the system dictates the composition and quantity of gas eventually erupted through volcanic vents. 
Here, a model is presented as a framework for interpreting surface volcanic gas measurements in 
terms of subsurface degassing processes occurring throughout a volcanic plumbing system. The model 
considers all possible sources of ﬂuid from multiple depths, including degassing of dissolved volatiles 
during crystallization and/or decompression as recorded in melt inclusions plus any co-existing ﬂuid 
phase present in a magma reservoir. The former is achieved by differencing melt inclusion volatile 
contents between groups of melt inclusions saturated at discrete depths. The latter is calculated using 
a thermodynamic model, which computes the composition of a C–O–H–S ﬂuid in equilibrium with a 
melt given a minimum of ﬁve thermodynamic parameters commonly known for natural systems (T, P, 
f O2, either fH2 or one parameter for H2O, and either f S2 or one parameter for CO2). The calculated 
ﬂuids are thermodynamically decompressed and run through a mixing model, which ﬁnds all possible 
mixtures of subsurface ﬂuid that match the chemistry of surface gas within ±2.0 mol%. The method is 
applied to Mount Erebus (Antarctica), an active, intraplate volcano whose gas emissions, which emanate 
from an active phonolitic lava lake, have been well quantiﬁed by FTIR, UV spectroscopy, and multi-gas 
sensors over the last several decades. In addition, a well-characterized suite of lavas and melt inclusions, 
and petrological interpretations thereof, represent a wealth of knowledge about the shallow, intermediate, 
and deep parts of the Erebus plumbing system. The model has been used to calculate the compositions 
of seven C–O–H–S ﬂuids that originate from four distinct regions within the Erebus plumbing system 
and in the lava lake (deep basanite, intermediate, shallow phonolite, and lava lake phonolite equilibrium 
ﬂuids, plus crystallization-induced degassing of deep, intermediate, and shallow melts). A total of 144 
possible mixtures were found. In all cases, ∼60% of the surface gas is sourced from deep degassing. The 
remaining ∼40% is made up primarily of ﬂuid in equilibrium with the lava lake (∼20%) plus intermediate 
(∼10%) and phonolite (∼5%) equilibrium ﬂuids and minor to no contribution from all other ﬂuid sources. 
These results, whereby the surface gas signature is dominated by ﬂuids originating from deep maﬁc 
melts, could be representative of any volcanic system comprised of a deep maﬁc member and shallow 
evolved fractionates as has been inferred at Yellowstone, Etna, and many others. At Erebus, results of this 
modeling demonstrate that the degassing of stagnant magma can contribute signiﬁcant ﬂuid and energy 
to the system such that the continuous convection and degassing of volatile-rich magma is not necessary 
to explain the volcano’s persistently active nature or the composition of its gas emissions.
The C++ model code is open source and is hosted as a github repository at https :/ /github .com /kaylai /
Iacovino2015 _thermodynamic _model/.
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Measurements of active volcanic gas emissions can offer many 
insights into the current state of a volcano (Symonds et al., 1994). 
Changes in gas chemistry or redox state can indicate movements 
of magma at depth and can sometimes aid in forecasting erup-
tive behavior (Giggenbach, 1996). Melt inclusions provide a snap-
shot of volatile concentrations throughout a magma plumbing sys-
tem and tell the story of volcanic degassing from another per-
spective: magma at depth. Measurements of dissolved volatiles in 
melt inclusions can indicate the pressure at which crystallization 
and degassing processes occur and offer a key piece of evidence 
as to the total gas budget of a volcanic system (Johnson et al., 
1994).
Ultimately, the ability to link these two measurements is nec-
essary for understanding the storage and transport of volatiles 
throughout a volcanic plumbing system. Because surface degassing 
is the ultimate culmination of a multitude of subsurface magmatic 
processes, the careful analysis of volcanic gas emissions can some-
times reveal the signatures of gasses derived from multiple depths 
(Oppenheimer et al., 2006). Petrologic data, such as melt inclusion 
chemistry, are needed to properly interpret these signatures in or-
der to link surface gas signatures with their regions of origin in 
terms of depth, temperature, and melt chemistry. Typically, melt 
inclusions alone cannot account for the gas measured from a vol-
cano’s summit crater (Shinohara, 2008; Moore et al., 2015). Several 
factors can be inﬂuencing this (post-entrapment volatile loss; gaps 
in melt inclusion data, etc.), the most critical of which being that 
melt inclusions do not necessarily record all volatiles that exist at 
depth. Speciﬁcally, melt inclusions may not reveal key information 
about a ﬂuid phase co-existing with the melt at the time of en-
trapment (ibid).
Petrologists use solubility models to calculate the composition 
of C–O–H–S ﬂuids in equilibrium with sampled silicate melts (e.g. 
Witham et al., 2012; Moretti et al., 2003; Moretti and Papale, 
2004). For example, melt inclusion data from erupted rocks can 
be input to calculate saturation pressures and the composition of 
any equilibrium ﬂuid. But, what happens to that ﬂuid (and the 
melt) during subsequent magma ascent and re-equilibration? Few 
models have the ability to account for changes in ﬂuid chem-
istry and redox during decompression, an important considera-
tion when modeling multiple gas species (i.e. CO–CO2, SO2–H2S; 
Burgisser and Scaillet, 2007; Shi and Saxena, 1992) thus making 
them applicable only to in situ (i.e. high pressure) equilibria. Cur-
rently, all of these models focus on constraining chemical equilib-
rium between a single melt and ﬂuid (e.g. Burgisser et al., 2012). 
However, surface gas is thought to carry signatures of degassing 
from multiple depths within the plumbing system (Oppenheimer 
et al., 2006). Thus, if surface gas emissions represent the culmi-
nation of degassing from several ﬂuid sources at depth, a model 
is required that can: 1. calculate the composition of C–O–H–S 
ﬂuids at various depths within the plumbing system; 2. thermo-
dynamically decompress all ﬂuids to one bar; and 3. determine 
all possible mixtures of subsurface ﬂuids that are equivalent to 
the measured composition of the surface gas within reasonable 
error.
A thermodynamic and mixing model has been developed to 
interpret subsurface degassing signatures as recorded by surface 
gas monitoring (e.g. OP-FTIR, UV spectrometry, gas sampling). The 
model is widely applicable independent of melt composition and 
considers multiple ﬂuid sources from multiple depths, including: 
a. degassing derived from volatiles dissolved in the melt phase 
(i.e. melt inclusion volatile concentrations); and b. the degassing 
of a co-existing C–O–H–S ﬂuid phase (Fig. 1). The former is calcu-
lated by differencing dissolved volatile concentrations as recorded 
by melt inclusions between different melt types (e.g. deep, inter-Fig. 1. Flow chart illustrating how the thermodynamic and mixing model uses sub-
surface volatile and petrological data to interpret surface gas measurements at ac-
tive volcanoes. Melt inclusion volatile contents are used to quantify ﬂuid sourced 
from the degassing of melts during differentiation and ascent. A minimum of ﬁve 
thermodynamic parameters are required by the thermodynamic model, which is 
used to quantify the composition of co-existing ﬂuids in each magma reservoir. 
These high-pressure ﬂuids are then thermodynamically decompressed to one bar 
and are subsequently input into the mixing model. The mixing model compares all 
possible combinations of calculated ﬂuids (allowing any or no contribution from 
each ﬂuid source) to the measured surface gas. The output of the mixing model is 
a list of all possible ﬂuid combinations that match the surface gas to within ±2.0 
mol%.
mediate, and shallow regions of a magma plumbing system). The 
latter is calculated using a thermodynamic model developed to 
calculate mixed-volatile (CO, CO2, H2, H2O, H2S, O2, S2, SO2) equi-
librium ﬂuid co-existing with a silicate melt. All of these ﬂuids 
are then decompressed to one bar and run through a simple mix-
ing model, which calculates all possible combinations of ﬂuid that 
match measured surface gas emissions within ±2.0 mol%.
Erebus volcano (Antarctica) is used as a case study for the 
model due to the well-characterized nature of both surface de-
gassing (Oppenheimer and Kyle, 2008; Oppenheimer et al., 2011;
Wardell et al., 2003; Sweeney et al., 2008) and subsurface chem-
istry and petrology (Kyle, 1977, 1981; Kyle et al., 1992; Iacovino 
et al., 2013, in review; Moussallam et al., 2013). Previous studies 
have concluded that the CO2-rich surface gas signatures at Ere-
bus can be explained by the complete degassing of a parental 
basanite melt at ∼4 kbar (Oppenheimer and Kyle, 2008), the de-
gassing and decompressive re-equilibration of a shallow phonolite 
melt within the lava lake at near-surface pressure (Burgisser et 
al., 2012), or by a mixture of both shallow (phonolite, 1–3 kbar) 
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Oppenheimer et al., 2011). The results of this work, which con-
siders seven distinct ﬂuids from depth, suggest that deep basanite 
degassing at ∼4.5 kbar places the strongest control on the com-
position of the surface gas with a substantial contribution from 
near-surface ﬂuid in the lava lake.
The invocation of a deep maﬁc melt is commonly necessary 
to explain surface gas compositions from active volcanoes. Even 
in large, shallow silicic systems such as Yellowstone Caldera a 
deep “maﬁc intrusion zone” has been called upon to explain 
CO2-rich surface gas (Lowenstern and Hurwitz, 2008). Similar mod-
els whereby deep maﬁc melts provide heat and volatiles to shal-
low, more evolved magma chambers beneath active volcanoes have 
been used to explain degassing at Sourfriere Hills (Edmonds et 
al., 2001), Popocatépetl (Roberge et al., 2007), Etna (Aiuppa et al., 
2006), Satsuma–Iwojima (Kazahaya et al., 2002), and more (see re-
view in Edmonds, 2008). This conclusion is perhaps unsurprising 
given that deep, maﬁc melts are typically the most volatile-rich 
and make up the largest portion of melt in the system by mass. 
Further, deep ﬂuids, which percolate upward through a system, 
will act as a chemical buffer on more shallow melts (and ﬂuids) 
thus controlling shallow ﬂuid–melt equilibria.
The model presented here represents the ﬁrst with the ability 
to model whole-system (subsurface to surface) volcanic degassing 
while considering the contribution of ﬂuids from multiple sub-
surface regions (rather than focusing only on one or two magma 
reservoirs) and changes in ﬂuid chemistry during decompression. 
The model results suggest that surface gas emissions do indeed re-
ﬂect degassing from multiple magma storage zones at depth and 
that deep melts can control ﬂuid–melt chemistry throughout a vol-
canic system and thus cannot be ignored when interpreting surface 
gas signatures.
1.1. The Erebus volcanic system
Mount Erebus is a well-studied intraplate stratovolcano located 
on Ross Island, Antarctica (77◦ 32′ S, 167◦ 10′ E). Its persistently 
active lava lake and gas output combined with the dry Antarc-
tic air mean that Erebus is an ideal volcano for measurements 
of the gas plume composition and ﬂux via open-path FTIR, UV 
spectroscopy, and multi-gas sensors. Despite extensive robust mea-
surements of the Erebus plume (Oppenheimer and Kyle, 2008;
Oppenheimer et al., 2011; Boichu et al., 2010; Sweeney et al., 
2008), a well-characterized and complete set of melt inclusions 
(Oppenheimer et al., 2011; Moussallam et al., 2014) and recent ex-
perimental work to help interpret these data (Iacovino et al., 2013;
Moussallam et al., 2013; Iacovino et al., in review), subsurface and 
surface volatile chemistries at Erebus are a mismatch. Studies at-
tempting to model the contributions of deep degassing at Erebus 
to measured surface gas (Iacovino et al., 2013; Oppenheimer et 
al., 2011) have found that degassing calculated via melt inclu-
sions alone is far too H2O-rich to explain the CO2-rich surface gas. 
Such studies have noted that a CO2-rich ﬂuid, perhaps streaming 
from the mantle, could explain this discrepancy, but none have 
attempted more than a ﬁrst order quantiﬁcation of the precise 
chemistry of this ﬂuid. Because the petrology of deep, interme-
diate, and shallow Erebus magmas is so well characterized, the 
thermodynamic parameters necessary to model a co-existing ﬂuid 
phase can be determined for all regions of the plumbing system 
and the link between surface and subsurface datasets can be ob-
tained.
Surface gas compositions at Erebus have been remarkably stable 
since observations began and exhibit a bimodal behavior linked to 
lake activity. The average background state of the gas plume (“pas-
sive degassing”) consists of approximately 55–60 mol% H2O and 
35–40 mol% CO2, with the remainder being made up of mostly CO and SO2. H2S has not been measured in Erebus surface gas. This 
passive degassing is punctuated with more CO2-rich gas (“explo-
sive degassing”) that coincides with large bubble bursts in the lava 
lake. Explosive degassing is thought to be sourced from depth, pos-
sibly from a parental basanite magma (Oppenheimer et al., 2009)
or an evolved phonolite (Burgisser et al., 2012).
Volcanic degassing at Erebus is ultimately sourced from the 
mantle. Parental basanitic magma at Erebus is thought to be de-
rived from a low degree partial mantle melt (Kyle et al., 1992)
consistent with the volcano’s carbon-rich, silica-undersaturated 
magmas (Bailey and Hampton, 1990). Just as a parental basanite 
evolves via fractional crystallization into intermediate and phono-
lite melts, the associated co-existing ﬂuids evolve congruently. For 
example, any ﬂuids emerging from a deep basanite ultimately be-
come the ﬂuids that move through more evolved melts, the end re-
sult being the gas released and measured at the surface. However, 
various lines of evidence suggest that chemical signatures from 
deep gasses are preserved upon ascent and observed in surface 
gas (Oppenheimer and Kyle, 2008; Oppenheimer et al., 2011), thus 
implying that the deep and intermediate portions of the plumbing 
system are actively degassing. In light of this, we must consider 
not only the most evolved ﬂuids but also any contributions from 
deeper ﬂuids associated with more primitive melts.
Complementary to studies of surface activity, much effort has 
also gone into understanding the magma plumbing system of Ere-
bus. The petrology and mineralogy of the Si-undersaturated, alka-
line lava suite that makes up the Erebus cone, termed the Erebus 
Lineage (EL), has been well documented, and multiple lines of 
evidence suggest that the phonolite lava that resides in the Ere-
bus lava lake is derived from fractional crystallization of a basan-
ite parent melt (Kyle, 1977, 1981; Kyle et al., 1992). Addition-
ally, recent experimental studies have placed tight constraints on 
the P–T– f O2–XH2O conditions of magma differentiation, storage, 
and degassing at various depths throughout the Erebus plumb-
ing system (Iacovino et al., 2013, in review; Moussallam et al., 
2013).
1.2. Melt inclusions and the excess ﬂuid problem
Melt inclusions contain a record of the dissolved volatiles stored 
within magmas. Melt inclusions at Erebus cover the entire com-
positional range of its lavas (see Fig. 2) and indeed tell the 
story of magma degassing at various depths within the conduit. 
In agreement with previous studies (Oppenheimer et al., 2011;
Iacovino et al., 2013), the evolution of dissolved H2O/CO2 ratios 
in Erebus melts suggests the presence of a CO2-rich vapor phase. 
Fig. 2b demonstrates that H2O and CO2 contents both decrease 
during fractionation. In a typical open system, CO2 will decrease 
substantially relative to H2O, especially early in the fractionation 
process. The fact that intermediate and evolved Erebus melts main-
tain such high C/H ratios can be explained conceptually by a 
CO2-rich gas buffering the melt to higher dissolved CO2 concen-
trations.
A co-existing ﬂuid phase has been invoked to explain the mis-
match between melt inclusion volatile concentrations and surface 
gas emissions at many monitored volcanoes around the world. 
Speciﬁcally, a so-called “excess ﬂuid” phase has been cited as the 
reason for discrepancies in measured versus calculated S ﬂux (see 
Shinohara, 2008), including at Láscar and Lonquimay (Andres et al., 
1991), El Chichón (Luhr, 1990), and famously at Mount Pinatubo 
(Wallace and Gerlach, 1994).
Erebus magmas can be separated into groups based on their 
melt chemistries and storage depths (estimated using experimen-
tally constrained volatile solubilities and phase equilibria). Here, 
we separate the Erebus plumbing system and its magmas into 
four distinct regions (Fig. 2c): deep/primitive, intermediate, shal-
62 K. Iacovino / Earth and Planetary Science Letters 431 (2015) 59–74Fig. 2. Major element (a) and volatile compositions (b) of melt inclusions from Erebus lavas, which illustrate the complete fractional crystallization sequence from primitive 
basanite to evolved phonolite. Diagram (c) of the magma plumbing beneath Erebus volcano illustrating the four distinct regions of differentiation and degassing: deep (gray), 
intermediate (teal), shallow (orange), and the lava lake (red). Colors correspond to the melt inclusions in (a) and (b) and represent the MI used for thermodynamic modeling 
in this work. Abbreviations in the legend in (b) refer to: B = Basanite; PT = Phonotephrite; TP = Tephriphonolite; P = Phonolite. Melt inclusions used for modeling in this 
work are samples DVDP 3-295 (deep basanite reservoir); 97009, 97010, 97011, and AW-82033 (intermediate reservoir); and EA-1 (shallow phonolite reservoir). The lava lake 
is represented by a whole-rock analysis of a phonolite bomb (not shown here, sample #8 from Kyle, 1977). Major element chemistry analyzed with EMP; volatiles analyzed 
via transmission FTIR. Data from Oppenheimer et al. (2011). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of 
this article.)low/evolved, and lava lake. Each of these regions has the potential 
to contribute to surface degassing via two methods: 1. the release 
of a co-existing equilibrium ﬂuid phase; and 2. degassing induced 
by crystallization–differentiation and depressurization as magmas 
move upwards in the conduit. A total of seven ﬂuids are used as 
inputs for the mixing model: a co-existing equilibrium ﬂuid phase 
from each of the four magma reservoirs and degassing induced 
by crystallization–differentiation and ascent of deep, intermediate, 
and shallow magmas (i.e. by differencing melt inclusion volatile 
contents between basanite-intermediate, intermediate-phonolite, 
and phonolite-lava lake). Fig. 3 conceptualizes the derivation of 
the three deepest ﬂuid sources (basanite equilibrium ﬂuid, deep 
degassing during basanite differentiation and ascent, and interme-
diate equilibrium ﬂuid). The remaining four ﬂuids are derived in 
essentially the same manner.2. Methods
2.1. Fluids released by degassing melt
During the differentiation and ascent of a volatile-bearing melt, 
a signiﬁcant amount of ﬂuid will be released from the host melt 
due to changes in melt composition and conﬁning pressure. Such 
ﬂuid will percolate upward through a volcanic plumbing system 
and, along with other ﬂuids, interact with shallow melts and con-
tribute to surface gas chemistry (see Fig. 3). Thus, some way to 
quantify the composition of such ﬂuids is required. At Erebus, 
the magma plumbing system is divided into four discrete regions 
based on lava chemistry and magma storage depth within the 
crust: lava lake, shallow, intermediate, and deep (Fig. 2). H2O, 
CO2, and S concentrations in melt inclusions from each of these 
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co-existing with a basanite melt stored at ∼4500 bar. Depressurization and crystallization of the parental basanite melt to form intermediate melts induces the formation 
of a second ﬂuid, termed “deep degassing”. Both of these ﬂuids percolate upward, controlling ﬂuid–melt equilibria of subsequently evolved lavas. This process is repeated in 
intermediate, shallow, and lava lake magma reservoirs to generate all seven ﬂuids.regions represent the dissolved volatile budget of a particular 
magma reservoir. When corrected for changes in melt fraction, 
the difference in volatile content from one reservoir (e.g. deep) to 
the next most shallow (intermediate) thus represents the amount 
of ﬂuid lost from that melt (e.g. basanite) during differentiation 
(to intermediate melts) and decompression (to a more shallow 
reservoir). The corrected difference in average volatile concentra-
tions between melt inclusion groups thus represents the compo-
sition of the ﬂuid released during each stage of magma evolu-
tion.
2.2. The thermodynamic model
As explained above, melt inclusions often do not account for 
all volatiles in a volcanic system (Section 1.2). A ﬂuid phase co-
existing with the melt at the time of melt inclusion entrapment 
is not directly recorded by melt inclusions, but may contribute a 
signiﬁcant amount of ﬂuid to surface degassing. Rarely, volcanic 
ﬂuid inclusions (typically as multiphase inclusions with melt plus 
ﬂuid) may help identify the presence and composition of an ex-
solved pre-eruptive ﬂuid phase. To quantify the chemistry of such 
ﬂuids, a method is needed to calculate the compositions of ﬂuids 
at various depths within a volcanic plumbing system. A set of ther-
modynamic relationships is utilized to calculate the mole fractions 
of species in a C–O–H–S ﬂuid in equilibrium with a given silicate 
melt. This approach is widely applicable to natural systems where 
the mineralogy can be used to determine certain parameters such 
as oxygen and sulfur fugacity. Commonly, it is not possible to di-
rectly measure the composition of a ﬂuid phase co-existing with a 
melt at depth, and so this presents us with a quantitative way to 
relate pre-eruptive information (e.g. melt inclusions, petrology) to 
surface degassing.In this thermodynamic approach, the fugacities and partial 
pressures of all species in the ﬂuid, and subsequently the ﬂuid 
composition in terms of mole fraction of each species, is calculated. 
A minimum of ﬁve parameters must be known: the temperature T , 
the pressure P , the f O2, either the f H2 or one parameter for H2O 
(either the partial pressure, the fugacity, or the mole fraction in 
the ﬂuid), and either the f S2 or one parameter for CO2. Alterna-
tively, if the necessary parameters for H2O and CO2 in the ﬂuid are 
not known, the pressure P and fugacities f H2O and f CO2 can be 
modeled based on the dissolved melt volatile contents, assuming 
a compositionally relevant model exists for the magma of inter-
est.
If either the partial pressure Pi , fugacity f i , or mole fraction in 
the ﬂuid Xﬂuidi is known, the remaining two parameters for species 
i can be solved for using the relationships:
Pi = f i
γ i
= f
pure
i · Xﬂuidi
γ i
(1)
where f purei , the fugacity of the pure species i, and γi , the fugac-
ity coeﬃcient, can be calculated using a Modiﬁed Redlich–Kwong 
equation of state (MRK EoS; see Holloway, 1977; Flowers, 1979), 
given critical temperature Tc , critical pressure Pc and the acentric 
factor ω (see Prausnitz et al., 1998).
Given f O2 and f H2O, f H2 can be determined (or, if f H2 is 
known, f H2O can be determined) by rearranging the equation for 
the formation of H2O from the elements as:
fH2 = fH2O
KH2OF · f O1/22
(2)
Here, the P and T must be known in order to determine the 
correct equilibrium constant KF . Values of KF for the majority 
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(1978). With f CO2 known or calculated, f CO can be calculated, 
and if f S2 is known, the fugacities of the other S species, f SO2
and f H2S, can be calculated using the relationships:
f CO2 = K CO2F · f CO · f O
1
2
2 (3a)
f SO2 = K SO2F · f S
1
2
2 · f O2 (3b)
fH2S = KH2SF · fH2 · f S
1
2
2 (3c)
At this point, the mole fractions of all major species in the ﬂuid 
(H2, O2, S2, H2O, CO2, CO, SO2, and H2S) can be calculated. It is 
of note that the ﬂuid composition can be calculated even if no 
information about S is known. In this case, we begin with the con-
straint that the partial pressures of all species must add up to the 
total pressure, Ptot . Thus, the total partial pressure of all S species, 
P Stot , can be described as:
P Stot = Ptot − P j (4)
where P j is the sum of the partial pressures of all non-sulfur 
species. For P Stot we consider only S2, SO2, and H2S, or:
P Stot = PS2 + PSO2 + PH2S (5)
Equation (5) can now be rewritten in terms of fugacity as:
P Stot =
f S2
γ S2
+ f SO2
γ SO2
+ fH2S
γH2S
(6)
Substituting in the relationships from Equations (3b) & (3c) into 
Equation (6) then allows for the isolation of f S2 as a single vari-
able, which can be solved for via the equation:
P Stot =
f S2
γ S2
+ K
SO2
F · f S
1
2
2 · f O2
γ SO2
+ K
H2S
F · fH2 · f S
1
2
2
γH2S
(7)
The remaining two unknowns, f SO2 and f H2S, can then be 
solved for by using Equations (3b) & (3c), and XSO2 and XH2S can 
then be determined using Equation (1). Equilibrium constants of 
formation and fugacity coeﬃcients used in this study are given in 
the Appendix A.
2.3. Re-equilibration of ﬂuids to atmospheric pressure
Fluid compositions calculated using the above methods repre-
sent ﬂuids in equilibrium at depth (that is, at high pressure). The 
ultimate goal of this study is to model the mixing of these ﬂuids, 
which originate from various depths, and how they contribute to 
the gas emissions measured at the volcano’s summit (∼1 bar). As 
the ﬂuids move up through the crust and begin to mix, the relative 
proportions of ﬂuid species (CO, CO2, H2O, H2S, SO2) will shift due 
to the decrease in pressure, even in a gas-only system. Mathemat-
ically, the change in partial pressures or mole fractions of each gas 
species is due to the heavy pressure dependence of the fugacity 
coeﬃcients, all of which collapse to ∼1 at very low pressure.
Because the composition of the contributing ﬂuids will change 
during mixing, it is thus necessary to model the re-equilibration of 
these ﬂuids at low pressure. This is achieved by holding the bulk 
C–O–H–S composition constant, while allowing for the adjustment 
of the mole fractions of CO, CO2, H2O, H2S, and SO2 in response 
to changing fugacity coeﬃcients (and thus changing fugacities, in-
cluding f O2, f H2, and f S2). The bulk composition of a ﬂuid is 
deﬁned as:
XHtotal = XH2 + XH2O2
3
+ XH2S2
3
(8a)
X Stotal = XS2 + XH2S1 + XSO2 1 (8b)
3 3XCtotal = XCO2 1
3
+ XCO1
2
(8c)
XOtotal = XO2 + XCO2 2
3
+ XCO1
2
+ XH2O1
3
+ XSO2 2
3
(8d)
For the low pressure re-equilibration, it is assumed that the 
oxygen fugacity of the system is pegged to a buffer (e.g. NNO, 
QFM). The f O2 of each ﬂuid is recalculated assuming no change 
relative to a buffer. For example, basanite-derived ﬂuids are as-
sumed to remain at NNO+1. It is important to note that the nu-
merical value of f O2 will still change, since any reference buffer 
is pressure-dependent (see equations in Frost, 1991) and XOtotal
is held constant. With a new f O2 value calculated, the low-
pressure f H2 and f S2 values can be determined via the following 
set of equations derived from the relationships in equations (8a)
and (8b):⎧⎪⎪⎨
⎪⎪⎩
XHtotal = fH2γH2·Plow +
K
H2O
F · fH2· f O
1
2
2
γH2O·Plow
2
3 +
K
H2S
F · fH2· f S
1
2
2
γH2S·Plow
2
3
X Stotal = f S2γ S2·Plow+ +
K
H2S
F · fH2· f S
1
2
2
γH2S·Plow
1
3 +
K
SO2
F · f O2· f S
1
2
2
γ SO2·Plow
1
3
(9)
Where Plow is the low pressure value in bars (for this model, 
a value of 1 bar was used). Similarly, f CO (and subsequently f CO2) 
can be calculated as:
XCtotal = K
CO2
F · f CO · f S
1
2
O
γ CO2 · Plow
1
3
+ f CO
γ CO · Plow
1
2
(10)
With f O2, f H2, and f S2 at low pressure known, the remaining 
values for f H2O, f H2S, and f SO2 can be calculated using equa-
tions (2), (3b), and (3c). Subsequently, low-pressure values for the 
composition of the ﬂuid in terms of mole fraction can be calcu-
lated. These re-equilibrated, low-pressure values are those used in 
the mixing model.
The thermodynamic gas mixing model presented here repre-
sents a unique approach to modeling volcanic degassing in that 
it allows a user to quantify gas ﬂux throughout an entire mag-
matic plumbing system by modeling the relative contributions of 
ﬂuids from discrete regions beneath volcanoes. The code supplied 
for this work is easily adaptable to other systems and represents 
an early version of a generic software tool that will allow the user 
to quickly model full-system volcanic degassing given commonly 
measured or modeled input data (Iacovino and Mann, in prep).
2.4. The simple mixing model
The ultimate goal of this study is to relate petrological informa-
tion about the subterranean parts of a magma plumbing system 
to the gases measured at the surface. In doing so, it thus be-
comes possible to model degassing processes throughout the vol-
canic system and to understand the origins of surface gases. Using 
thermodynamic and petrological calculations, one can quantify the 
composition of ﬂuids that may exist throughout a volcanic system 
given minimal, commonly known (or modeled) parameters. These 
calculations do not however provide evidence for the existence or 
proportional amounts of each of these ﬂuid sources. In light of this, 
a simple mixing model is developed that allows for any or no con-
tribution from each of the ﬂuid sources. The result of the model 
run is a list of possible combinations of gases and their propor-
tions that, when combined, are equal to the composition of gas 
measured at the surface.
The model allows for a contribution of all equilibrium ﬂuids 
and ﬂuids from degassed melt. There are seven possible contribut-
ing ﬂuids, deﬁned as: equilibrium ﬂuids co-existing with basanite, 
intermediate, phonolite, and lava lakes melts (B, Int, P, and LL EQ 
ﬂuids) and degassed ﬂuids calculated as the difference between 
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and phonolite (reservoir) and lava lake phonolite (hereafter re-
ferred to as Deep, Intermediate, and Shallow degassing). The model 
runs on the assumption:
∑
j
F i jn j = Gi (11)
where Fij is the mol% of species i in contributing ﬂuid F j , and n j
is the proportional contribution of ﬂuid F j to the surface gas com-
position Gi . In the model code, all ﬂuids have been decompressed 
to 1 bar prior to mixing. Each contributing ﬂuid can account for 
0–100% of the surface gas. The composition of the surface gas Gi
is a range of concentrations for each gas species deﬁned as that 
measured at the surface ±2.0 mol% (but not below 0 mol%). For 
example, the CO2 concentration of the normalized surface gas is 
36.41 mol%, so GCO2 is deﬁned as 34.41 ≤ GCO2 ≤ 38.41. During 
mixing, any temperature differences between decompressed ﬂuids 
are ignored.
A simple piece of code is used to determine the idealized mix-
ture of ﬂuids that can account for the observed surface gas com-
position and works as follows:
1. Generates a list of one-dimensional arrays 7 values long 
where 0 ≤ value ≤ 100. The sum of each array must be 
equal to 100 (e.g. [(100, 0, 0, 0, 0, 0, 0), (99, 1, 0, 0, 0, 0, 0), . . . ,
(0, 0, 0, 0, 0, 0, 100)]). Each of these arrays represents a possi-
ble gas mixture where each value is a percentage of the total 
mixture.
2. The nth value from each array is then multiplied by the con-
centration of a species (either CO, CO2, H2O, H2S, or SO2) in 
each of the 7 contributing ﬂuids.
3. Every array that satisﬁes the requirement in Equation (11) for 
all species is then output.
The complete open source code, which calculates high pres-
sure equilibrium ﬂuids, low pressure equilibrium ﬂuids, and ﬁnally 
computes the mixing weights of each contributing ﬂuid, is writ-
ten in C++ and can be downloaded from the github repository 
at https :/ /github .com /kaylai /Iacovino2015 _thermodynamic _model/. 
While the current software lacks a GUI and is tailored to this work, 
it is easily adaptable and extensible and represents an early version 
of the full program currently in preparation. Details of uncertain-
ties in the model inputs are given in the Appendix A.
3. Analysis
3.1. Application of the simple mixing model to Erebus
The simple mixing model considers the contribution of ﬂuid 
from seven distinct sources: the equilibrium ﬂuids that would co-
exist with basanite, intermediate, phonolite (reservoir) and lava 
lake phonolite melts (Basanite, Int, Phonolite, and LL EQ ﬂuids); 
and the ﬂuid derived from degassed melt, based on the differences 
in melt inclusion H2O, CO2, and S contents (Appendix Table A.1) 
between groups as: basanite-intermediate; intermediate-phonolite 
reservoir; phonolite reservoir–lava lake phonolite (Deep, Interme-
diate, and Shallow degassing). Dissolved volatile contents were cor-
rected for changes in melt fraction between groups, with basanite 
representing 0% differentiation (i.e. 100% residual melt), followed 
by intermediate and the two phonolites representing 35% (Int) and 
23.5% (P ) residual melts (Kyle, 1981; Kyle et al., 1992). Measured 
or modeled variables considered known and used as inputs for the 
thermodynamic model are given in Table 1. Thermodynamic model 
outputs calculated for each melt inclusion group (fugacities, partial 
pressures) are given in the Appendix A (Tables A.2–A.4). Average Table 1
Measured or modeled variables considered known and used as inputs for the ther-
modynamic model.
Sample T
(◦C)
P
(bars)
log f S2 log f O2 fH2O
Lava Lake
Phon-8 1000 4.32 −2.7 −12.2 1.7
Citation [1, 2, 3] [4] [3] QFM−1.22 [3] [5]
Phonolite (reservoir)
EA1-a 1000 2534 −2.7 −11.26 3.7
EA1-b 1000 2793 −2.7 −11.24 4.2
EA1-d 1000 2686 −2.7 −11.24 3.8
EA1-e 1000 2062 −2.7 −11.3 4.4
EA1-f 1000 2626 −2.7 −11.25 5.3
EA1-g 1000 2775 −2.7 −11.24 3.3
EA1-h 1000 2938 −2.7 −11.22 4.6
EA1-i 1000 2851 −2.7 −11.23 3.4
EA1-j 1000 2998 −2.7 −11.22 3.0
EA1-k 1000 2450 −2.7 −11.27 4.5
Average 1000 2671 −2.7 −11.25 4.0
Citation [1, 2, 3] [4] [3]a QFM−0.5 [6] [5]
Tephriphonolite
97009-b 1081 4460 −3.01 −9.99 50.5
97009-d 1081 3938 −3.01 −9.99 29.8
97009-e 1081 4005 −3.01 −9.99 30.1
97009-g 1081 4271 −3.01 −9.99 40.6
97010-b 1081 4757 −3.01 −9.99 3.1
97010-d 1081 3115 −3.01 −9.99 3.3
97011-a 1081 3521 −3.01 −9.99 3.3
AW-82033-c 1081 2485 −3.01 −9.99 2.8
AW-82033-e 1081 2532 −3.01 −9.99 7.5
AW-82033-i 1081 2739 −3.01 −9.99 3.0
Average 1081 3582 −3.01 −9.99 17.4
Citation [7] [4] [7]a QFM−0.44 [7]b [8]c
Basanite T
(◦C)
P
(bars)
XCO f l2 log f O2 fH2O
DVDP3-295a 1100 4879 0.95 −7.63 399.1
DVDP3-295b 1100 4141 0.89 −7.63 403.6
DVDP3-295c 1100 5235 0.94 −7.63 314.8
DVDP3-295d 1100 4453 0.92 −7.63 403.6
DVDP3-295g 1100 5151 0.93 −7.63 440.0
DVDP3-295i 1100 4510 0.95 −7.63 254.0
DVDP3-295j 1100 4273 0.94 −7.63 239.8
DVDP3-295l 1100 4379 0.92 −7.63 360.0
DVDP3-295q 1100 4665 0.95 −7.63 236.3
DVDP3-295r 1100 5125 0.95 −7.63 287.5
Average 1100 4445 0.93 −7.63 333.9
Citation [9] [4] [8]d QFM+1.5 [9] [8]c
Phonolite (reservoir), intermediate, and basanite samples from Oppenheimer et 
al. (2011). Lava lake phonolite sample from Table 6 of Kyle (1977). Citations: 
[1] Caldwell and Kyle (1994); [2] Dunbar et al. (1994); [3] Kyle (1977); [4] Modeled 
with Papale et al. (2006); [5] Modeled with Moore et al. (1998); [6] Moussallam et 
al. (2013); [7] Kyle et al. (1992); [8] Iacovino et al. (2013); [9] Iacovino et al. (in 
review).
a Based on composition of pyrrhotites.
b Based on oxide pairs.
c Calculated using Equation (5) from [8].
d Calculated using experimentally based isopleths from [8].
model outputs for each magma composition are given in the Ta-
ble 2 and shown in Fig. 4.
4. Results
The thermodynamic calculations indicate that an equilibrium 
ﬂuid co-existing with lava lake phonolite at ∼4 bars is more 
CO2-rich and H2O-poor than the gas measured coming from the 
Erebus lake via OP-FTIR (see Table 2). If we assume that the 
volatile concentrations in the phonolite bomb (Phon-8) represent 
the actual dissolved volatile concentrations in the Erebus lava lake, 
we can thus conclude that the gases emitted from the lava lake are 
not representative of near-surface equilibrium degassing. This ﬁnd-
ing has substantial implications for modeling degassing at Erebus 
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Thermodynamically calculated average equilibrium ﬂuids, degassed melt inclusions, 
possible gas mixtures, and composition of the Erebus plume as measured by FTIR.
H2O 
(mol%)
CO2
(mol%)
CO 
(mol%)
SO2
(mol%)
H2S 
(mol%)
Equilibrium ﬂuids co-existing with Erebus melts at high pressure
Lava lake phonolite 27.17 64.57 7.00 0.04 1.22
Phonolite (reservoir) 0.16 96.61 3.23 <0.01 <0.01
Intermediate 0.38 95.55 4.05 <0.01 <0.01
Basanite 5.29 90.26 0.37 3.97 0.11
Fluids from degassed melt at high pressure
Shallow degassing 56.32 15.82 0.33 10.86a 16.67a
Intermediate degassing 59.24 17.57 0.46 9.73 13.00
Deep degassing 85.38 12.43 0.03 2.13 0.03
Equilibrium ﬂuids depressurized to 1 bar
Lava lake phonolite 27.21 64.67 7.01 0.16 0.95
Phonolite (reservoir) 0.16 95.91 3.94 <0.01 <0.01
Intermediate 0.44 94.55 5.01 <0.01 <0.01
Basanite 6.21 92.91 0.49 0.39 <0.01
Fluids from degassed melt depressurized to 1 bar
Shallow degassing 69.23 15.57 0.64 9.05a 5.52a
Intermediate degassing 66.56 16.45 0.87 14.31 1.81
Deep degassing 85.30 12.47 0.07 2.17 <0.01
Surface gas chemistry as measured by FTIR
Surface gas 57.88 36.41 2.33 1.40 0.03b
Normalized surface gas 59.03 37.13 2.38 1.43 0.03b
Notes: Equilibrium ﬂuids calculated using the thermodynamic approach and av-
eraged for a single group. Melt inclusion data from Oppenheimer et al. (2011). 
Whole-rock data for #8 lava lake phonolite from Kyle (1977). Surface gas chemistry 
data are OP-FTIR measurements from Oppenheimer and Kyle (2008). A step-by-step 
tabulation of the calculations can be found in the Appendix A.
a Assuming complete S degassing.
b H2S has not actually been measured in the Erebus plume. Oppenheimer and 
Kyle (2008) suggest that the concentration of SO2 must exceed that of H2S by at 
least a factor of 50 in order for its presence to go undetected by OP-FTIR. Values in 
this table represent that maximum amount (50x less than the amount of SO2).
Fig. 4. Ternary diagram showing the averaged calculated compositions of equilib-
rium ﬂuids (modeled; dots) and ﬂuids from degassed melt (calculated; squares). The 
normalized surface gas composition is also shown (measured; large yellow dot). The 
names correspond to those in Table 2. Arrows indicate the contribution of each sub-
surface ﬂuid to the Erebus surface gas, with the arrow length corresponding to the 
proportional contribution based on mixing model results. (For interpretation of the 
references to color in this ﬁgure legend, the reader is referred to the web version of 
this article.)
via backward tracking of surface gas measurements, which often 
rely on contributions from only shallow sources (Burgisser et al., 
2012). In light of this initial conclusion, we can also then say that 
the Erebus plume must either consist purely of gas derived from 
depth or, more likely, that it is a mixture of gas derived from sev-
eral places within the plumbing system.
An examination of the ﬂuid compositions in Table 2 leads to the 
conclusion that the surface gas composition cannot be adequately 
explained by any mixture of only equilibrium ﬂuids or only melt Fig. 5. All outputs from the simple gas mixing model that satisfy Equation (11), 
which show all possible combinations of subsurface ﬂuids that match the compo-
sition of the surface gas. Each vertical slice represents one successful model run. 
Fluids are stacked based on depth of origin from the most shallow (top) to deep-
est (bottom) as: LL EQ ﬂuid = ﬂuid in equilibrium with the surﬁcial lava lake; Phon 
EQ ﬂuid = ﬂuid in equilibrium with a shallow phonolite reservoir at ∼2500 bar; 
Shallow degassing = degassing induced by crystallization evolution and ascent of 
melt in a phonolite reservoir to the surface; Int EQ ﬂuid = ﬂuid in equilibrium with 
intermediate melts at ∼3500 bar; Int degassing = degassing induced by crystalliza-
tion evolution and ascent of intermediate to phonolite melt; Bas EQ ﬂuid = ﬂuid in 
equilibrium with basanite melt at ∼4500 bar; Deep degassing = degassing induced 
by crystallization evolution and ascent of basanite to intermediate melt. In all cases, 
deep degassing makes up ∼60% of the surface gas with the remainder being made 
up mostly of ﬂuids in equilibrium with the lava lake (∼20%), an intermediate reser-
voir (∼10%), and a phonolite reservoir (∼5%) and minor to no contributions from 
other sources. Values used for this plot are given in the Appendix A.
inclusions. All of the equilibrium ﬂuids are far too CO2-rich and 
H2O-poor. Conversely, the compositions of ﬂuid from degassing are 
all too CO2-poor and H2O- and S-rich compared with the surface 
gas. Thus, the surface gas must be made up of some mixture of 
co-existing ﬂuid phase plus volatiles from degassed melt.
Results from the mixing model agree with the supposition that 
a mixture of both degassing (via crystallization-induced and/or de-
pressurization degassing) and equilibrium ﬂuids is necessary to 
explain the surface gas composition. 144 possible ﬂuid mixtures 
were found that satisfy Equation (11). All model output values are 
given in the Appendix A (Table A.5) and are shown in Fig. 5. In all 
cases, about 60% of the surface gas is made up of the ﬂuid from 
deep degassing. The remaining ∼40% is made up of mostly LL equi-
librium ﬂuids (∼20%), plus smaller contributions from Int (∼10%) 
and phonolite (∼5%) equilibrium ﬂuids, and little to no contribu-
tion from all other ﬂuid sources. The model run shown in Fig. 5
was performed allowing the gas mixture to match the surface gas 
emissions within ±2.0 mol%. Runs allowing a larger error give es-
sentially the same results.
5. Discussion
5.1. Interpretations
Results from the simple mixing model indicate that degassing 
at Erebus is largely derived from the deeper part of the system 
(60% from deep degassing). Other researchers have hypothesized 
(Oppenheimer et al., 2011; Iacovino et al., in review), that the sta-
bility and longevity of the Erebus system, as evidenced by the 
physically and chemically stable surﬁcial lava lake, is supported 
by the ﬂuxing of volatiles and heat from quite deep within the 
Erebus plumbing system. This necessitates that the deep system 
is actively degassing. Moreover, the relative masses of magma re-
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ﬂuid and magma throughout the Erebus system (right). Note that the right-hand 
plot starts from 35%, and the remaining mass not shown is basanite magma. Here, 
“magma” means both melt and dissolved volatiles based on melt inclusion volatile 
concentrations but does not include exsolved volatiles (“ﬂuid”).
quired to obtain intermediate and evolved lavas through fractional 
crystallization imply an extremely large amount of parental basan-
ite and decreasing amounts of subsequently evolved melts. These 
observations agree with the results of this work, where degassed 
basanite melt supplies the majority of ﬂuid (and, notably, the ma-
jority of H2O). The relatively CO2-rich ﬂuids in equilibrium with 
the lava lake, where mixing ultimately occurs, supply much of the 
remaining surface gas (∼20%), followed subsequently by contribu-
tions from ﬂuids in equilibrium with intermediate and phonolite 
melts, plus minor contribution from other ﬂuids.
Knowing the proportional contributions (essentially, propor-
tional masses) of each ﬂuid source to degassing and the chemistry 
and mass ﬂux of surface gas from Erebus, it is then possible to 
calculate the actual mass ﬂuxes of each ﬂuid source. Oppenheimer 
and Kyle (2008) report surface gas ﬂuxes for CO, CO2, H2O, H2S, 
and SO2 from the lava lake at Erebus of 54.0, 1324.5, 861.8, 0.7, 
and 74.0 Mg/d, respectively. According to the model results, a to-
tal gas ﬂux of 2315 Mg/d would be made up of approximately 497 
Mg/d LL equilibrium ﬂuid, 116 Mg/d phonolite equilibrium ﬂuid, 
223 Mg/d Int equilibrium ﬂuid, 39 Mg/d basanite equilibrium ﬂuid, 
0.2 Mg/d shallow degassing, 8 Mg/d intermediate degassing, and 
1432 Mg/d deep degassing (based on the average model output, 
see Fig. 6).
Given the absolute mass ﬂuxes of ﬂuids from degassing and the 
proportional mass of dissolved volatiles in those melts (i.e. wt% 
concentration values of dissolved volatiles as recorded in melt in-
clusions), we can calculate the mass of magma required to degas 
per day as:
mmagma = m
degassed_ﬂuid
(12)
wt% volatilesTable 3
Proportional and absolute mass ﬂuxes of ﬂuid and magma beneath Erebus.
Fluids % Contribution Flux 
(Mg/d)
Surface Gas – 2315
Lava Lake EQ ﬂuid 21.45 497
Phonolite EQ ﬂuid 5.03 117
Shallow degassing 0.01 0.2
Intermediate EQ ﬂuid 9.63 223
Intermediate degassing 0.33 8
Basanite EQ ﬂuid 1.68 39
Deep degassing 61.86 1432
Magmas Mass proportion Degassed magma 
(Mg/d)
Phonolite 15% 15,020b
Intermediate 22% 22,030b
Basanite 63% 63,068a
a Mass of degassed basanite magma per day calculated based on mass ﬂux of 
deep degassing and dissolved volatile concentrations in melt inclusions (see text).
b Intermediate and Phonolite magma masses calculated based on the mass pro-
portion relative to basanite magma based on fractional crystallization modeling 
(Kyle, 1981; Kyle et al., 1992). Fluid ﬂuxes based on average model output.
where mmagma is the mass of magma (in Mg) required to degas per 
day, mdegassed_ﬂuid is the mass of degassed ﬂuid from that magma in 
Mg/d (e.g. 1432 Mg/d ﬂuid from deep degassing), and wt% volatiles 
is the sum of the concentrations of H2O, CO2 and S in melt in-
clusions from that melt. For all model outputs, the majority of 
ﬂuids from degassed melt comes from the basanite and accounts 
for 1432 Mg/d of gas emissions. Averaged dissolved H2O (1.5 wt%), 
CO2 (0.55 wt%) and S (0.22 wt%) concentrations account for a to-
tal of 2.27 wt% of the basanite magma. This gives us 63,086 Mg of 
basanite magma required to degas per day to sustain surface emis-
sions. Because we know the relative mass proportions of different 
magma types (100% basanite, 35% intermediate, 23.5% phonolite; 
or, 63:22:15) consistent with the fractional crystallization model of 
Kyle (1981) and Kyle et al. (1992), we can also calculate the masses 
of degassing intermediate, and phonolite melts to be 22,030, and 
15,020 Mg/d, respectively (see Table 3). Relative mass ﬂuxes of 
ﬂuids and magma within the Erebus plumbing system and mass 
ﬂuxes of gasses at the surface are shown schematically in Fig. 6.
With values for both ﬂuid and magma ﬂuxes throughout the 
Erebus system, we can then calculate changes in the ﬂuid/magma 
ratio with depth, which we will describe as:
R = m
ﬂuid
mmagma
(13)
where m is the mass of the equilibrium ﬂuid phase or the magma. 
The ratios of ﬂuid to magma reﬂect the results of the mixing 
model, where basanite magma dominates the system: Rphonolite =
0.008, Rintermediate = 0.010, and Rbasanite = 0.001.
5.2. The contribution of deep ﬂuids to volcanic degassing
A number of previous studies, in agreement with the results of 
this work, have concluded that surface gas emissions at Erebus are 
sourced from very deep within the plumbing system: a) the equi-
librium temperature calculated for the lava lake phonolite based 
on surface gas chemistry (Burgisser et al., 2012) is about 100 ◦C 
hotter than the equilibrium temperature constrained by the exper-
iments of Moussallam et al. (2013); b) redox couples in the Erebus 
plume during explosive degassing (e.g. CO–CO2) show signiﬁcantly 
more oxidized signatures than the oxidation state of the lava lake 
as inferred from analytical and experimental petrology (Kyle et al., 
1992; Moussallam et al., 2013); and c) the remarkably high C/H 
ratio in the Erebus plume (particularly during explosive degassing) 
is hypothesized to be caused by deep CO2 degassing (Oppenheimer 
et al., 2009, 2011; Iacovino et al., 2013).
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tributing melts as described above. Moreover, because evolved 
magmas are generated directly from deep primitive melts, they 
will be invariably inﬂuenced by deep ﬂuid chemistry. In any sys-
tem of evolving, volatile-saturated melts, a supercritical ﬂuid phase 
will be produced either during generation of a parental man-
tle melt and/or as crystal fractionation progresses. Such ﬂuids 
commonly segregate from melt and permeate a volcanic system 
(see review in Edmonds, 2008). At arc volcanoes, magmas may 
be in constant contact with a co-existing vapor phase from sur-
face down to the zone of primitive magma generation. In such 
cases, deep ﬂuids will mix with and inﬂuence more evolved ﬂuids 
throughout the plumbing system, eventually dominating surface 
gas chemistries (Wallace and Gerlach, 1994). Many studies of silicic 
volcanoes have also documented the ﬂuxing of a CO2-rich mantle-
derived vapor phase associated with elevated CO2 concentrations 
in surface gasses and melt inclusions (Oppenheimer et al., 2011;
Rust et al., 2004; Allard et al., 1991). Large silicic systems such 
as Yellowstone (Lowenstern and Hurwitz, 2008) as well as smaller 
systems such as Soufriere Hills Volcano (Edmonds et al., 2001)
are characterized by the underplating of a shallow silicic magma 
chamber by basaltic magma that fuels the system via the direct 
transfer of heat and volatiles. In all of these cases, a signiﬁcant 
contribution from deeply derived ﬂuids has been necessary to ex-
plain measurements in melt inclusions and/or surface gas emis-
sions.
One implication of these results is the demonstration that stag-
nant magma can contribute signiﬁcant ﬂuid and energy to a vol-
canic system on the whole, potentially negating the need to invoke 
large-scale magmatic convection. At Erebus, these results demon-
strate that the surface gas composition and longevity of the persis-tently active system can be achieved purely by degassing and sub-
sequent ﬂuid percolation processes. This is in contrast to previous 
models, which have proposed that volatile-rich magmas beneath 
Erebus continuously move from deep to shallow levels, degas, and 
eventually become recycled (e.g. Oppenheimer et al., 2009).
5.3. Evaluation of the thermodynamic model
Several models to calculate mixed-volatile solubilities in silicate 
melts exist in the literature. The model of Papale et al. (2006)
is currently one of the most robust as it is parameterized by a 
large experimental database covering a wide compositional range 
of melts, is thermodynamically based, and can model the compo-
sition of a co-existing ﬂuid phase. An advantage of the Papale et 
al. (2006) model is its ability to calculate dissolved and exsolved 
volatile compositions given very high-level user inputs (e.g. melt 
composition, temperature). Conversely, this model requires that 
more information is known a priori about the melts of interest in 
order to obtain the necessary low-level inputs (e.g. fugacities, par-
tial pressures). The advantage of the approach detailed in this work 
is its ability to model the behavior of a C–O–H–S ﬂuid even if no 
information about S is known and the inclusion of CO–CO2 chem-
istry, while the Papale et al. (2006) model is limited to H2O–CO2
volatile compositions.
The validity of this model can be tested by comparing calcu-
lated equilibrium ﬂuid compositions from this work to those mod-
eled with Papale et al. (2006) as shown in Fig. 7. Calculations done 
using the Papale et al. (2006) model were performed using the 
speciﬁc temperature and melt composition for each melt inclusion, 
with FeO and Fe2O3 values calculated with the model of Kress and 
Carmichael (1991) based on the f O2 used in this model (Table 1).
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between the two data sets of R2 = 0.74 for phonolite (both H2O 
and CO2), R2 = 0.96 for intermediate ﬂuids (both H2O and CO2), 
and R2 values of 0.88 and 0.93 for basanite H2O and CO2, re-
spectively. The discrepancy between H2O and CO2 R2 values for 
basanite can likely be attributed to the presence of sulfur in this 
model, which will act to diminish the activity of H2O and is not ac-
counted for in Papale et al. (2006). Here, basanite is most severely 
affected as it is by far the most S-rich ﬂuid.
5.4. Other considerations
It is important to note that the calculations presented here only 
take into account the seven ﬂuid compositions presented in Ta-
ble 2, and the assumption is made that those compositions are 
modeled with reasonable ﬁdelity. Natural systems are almost al-
ways much more complex than the models we use to describe 
them, and so it is important to consider other contributing factors 
that may be adding to or subtracting from the ﬁnal gas output 
measured at the Erebus crater. For example, the existence of ac-
tive fumarolic ice caves and ice towers at Erebus indicates that 
some gas escapes on the slopes of the volcano rather than from 
the lava lake (Curtis and Kyle, 2011). The total ﬂux of gas from 
ﬂank degassing is not known, but CO2 emissions from the ice tow-
ers constitute <2% of the total gas ﬂux from Erebus (Wardell et 
al., 2003). Flank emissions where no ice tower has formed have 
not been estimated. Still, if a gas species is preferentially degassing 
through ice caves (i.e. the composition of the ﬂank degassing is 
not the same as that of the lava lake degassing), then this must 
be taken into account when calculating the total gas budget. Simi-
larly, processes not accounted for in this model could be adding to 
the volatile budget at Erebus (e.g. H2O derived from groundwater 
or CO2 derived from the shallow crust).
Another possibility is that the ﬂuids within the Erebus plumb-
ing system are not in equilibrium with their host melts. This would 
mean that the approach taken here is not valid, as the equilib-
rium ﬂuid compositions have been used to calculate the total gas 
budget. Even if the assumption of equilibrium is sound, it may be 
that the Erebus surface gas composition is not the result of sim-
ple mixing. In this model, it is assumed that all ﬂuids contribute 
evenly across all species. It may be that some ﬂuids contribute 
more of one species and less of another (i.e. the contribution of 
a ﬂuid to the total gas budget is not equal to the equilibrium 
composition). For example, a ﬂuid may contribute all of its CO2
and H2O, but only a portion of its Stot with the remaining S 
taken up by pyrrhotite crystals in subsequent melts or being lost 
from the ﬂuid by S scrubbing or some other process. At Erebus, 
pyrrhotite crystals are observed in all magma types. It is impor-
tant to note that this model does not account for S taken up in 
solid phases. It would be possible, given pyrrhotite compositions 
and modal abundances for each magma type, to calculate the loss 
of S to the solid phase, however this would not account for any 
pyrrhotite crystals that fractionate out of the melt and do not 
erupt (i.e. sulfur in a crystal mush). At present, no evidence ex-
ists to conﬁrm or deny whether processes such as S scrubbing (e.g. 
by ground water) are occurring or to what extent such processes 
could alter the composition of ﬂuids degassing from the lava lake. 
Surface gasses at Erebus are notably S-poor, and so any process 
removing S from the system between magma storage and surface 
degassing would have the potential to signiﬁcantly alter our re-
sults.
6. Conclusions
A thermodynamic and mixing model has been developed to 
interpret the chemistry of surface gas emissions from active vol-canoes with respect to their subsurface origins. A minimum of ﬁve 
parameters must be known about subsurface melts for application 
of the model to a volcanic system: the temperature T , pressure P , 
the f O2, either the f H2 or one parameter for H2O (either the par-
tial pressure, the fugacity, or the mole fraction in the ﬂuid), and 
either f S2 or one parameter for CO2. In many cases, certain of 
these parameters, such as fugacities, may be modeled given P and 
melt composition.
Erebus volcano has been used as a case study for this model, 
with a total of seven ﬂuids quantiﬁed for the system: the ﬂuid 
resulting from the degassing of dissolved volatiles in 1) basanite, 
2) intermediate, and 3) phonolite melts; and the compositions of a 
co-existing ﬂuid phase in equilibrium with 4) basanite, 5) interme-
diate, 6) phonolite, and 7) lava lake melts. After calculation of the 
composition of the seven deep ﬂuids and re-equilibration to one 
bar, a simple mixing model was applied to determine what pro-
portions of these seven ﬂuids could account for the composition of 
gas emitted from the Erebus lava lake (±2.0 mol%).
Based on the model results, it can be concluded that the sur-
face gas composition at Erebus is dominated by degassing of a 
deep basanite melt, with signiﬁcant contributions from ﬂuids in 
equilibrium with the lava lake and minor contributions from the 
degassing of intermediate and phonolite reservoirs (Fig. 5). These 
results, which indicate that a major proportion of Erebus surface 
gas is sourced from deep within the magma plumbing system, 
are consistent with previous authors’ suppositions that the deep 
Erebus system is actively degassing and with the relatively large 
mass of a parental basanite melt required to explain the amount 
of more evolved melts seen at the surface. An important impli-
cation of these results is the demonstration that the percolation 
of ﬂuids derived from a stagnant magma(s) can provide suﬃcient 
ﬂuid to a persistently active volcanic system such that the energy 
and gas output of the volcano can be explained without the need 
to invoke the convection and recycling of deep volatile-rich melts 
to shallow levels.
At Erebus, a parental basanite magma reservoir is the largest 
reservoir by mass within the plumbing system. If it is assumed 
that deep ﬂuids readily percolate through the Erebus plumb-
ing system and are recorded by surface gas emissions, as sug-
gested by many previous studies (Oppenheimer and Kyle, 2008;
Oppenheimer et al., 2011; Iacovino et al., 2013; Boichu et al., 
2010), then the results of our model suggest that ﬂuids derived 
from a deep basanite melt should percolate through and interact 
with subsequently evolved melt (and ﬂuid) thereby imposing upon 
ﬂuid–melt equilibria in intermediate and shallow magma cham-
bers (Fig. 3).
Surface gases from many different volcanoes have necessitated 
a large contribution from deep, maﬁc melts. The common model 
of volcanic plumbing systems, whereby shallow silicic fractionates 
are underplated or intruded by deep, maﬁc melts is thus important 
to consider when explaining surface gas emissions from volcanoes. 
Here I posit that deep melts place the dominant control on surface 
gas chemistry in two ways: a) maﬁc melts will have a substantially 
greater mass than more evolved daughter melts; and b) ﬂuids de-
gassing from deep melts will readily percolate through a volcanic 
plumbing system and interact with subsequently more shallow 
melts, thereby controlling the ﬂuid chemistry in shallow magma 
chambers. In essence, because deep ﬂuids are the most proliﬁc 
and are present throughout the plumbing system, they set the ini-
tial conditions for ﬂuid–melt equilibria of the plumbing system on 
the whole and place strong controls not only on the composition 
of ﬂuids in more shallow magma reservoirs but also inevitably on 
the composition of the surface gas.
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Appendix A
A.1. Ideal mixing of non-ideal gases
It is noteworthy that the thermodynamic approach detailed 
above assumes ideal mixing of species in the ﬂuid (Henrian be-
havior). It has been demonstrated, notably by Holloway (1977), 
that for pressure–temperature conditions close to any reasonable 
geotherm, ﬂuids will in fact mix in a non-ideal manner. It is im-
portant, then, to consider also an alternative approach that makes 
no a priori assumption of ideality.
The most commonly applied non-ideal-mixing thermodynamic 
approach to modeling the fugacities and activities of species in su-
percritical ﬂuids or ﬂuid–melt systems relies upon an equation of 
state for mixtures (commonly, the Modiﬁed Redlich–Kwong Equa-
tion of state, or the MRK EoS; see Holloway, 1977 and Flowers, 
1979). The (unmodiﬁed) Redlich–Kwong Equation itself, applicable 
to pure non-ideal ﬂuids (my approach) is expressed as:
Ptot = RT
V − b −
a
(V 2 + bV ) · T 1/2 (A.1)
where Ptot is total pressure, R is the gas constant (= 83.12 cm3 bar/
degmol), T is the temperature in Kelvin, V is the volume, and a
and b are pressure-independent parameters for the attractive and 
repulsive potential energy terms from the Mie equation. Constants 
a and b can be calculated from critical data and have the same 
physical meaning as the van der Waals constants. The Redlich–
Kwong (or some other EoS) forms the basis of almost every ther-
modynamic model of magmatic ﬂuids in the literature and is, in 
fact, used in my model to calculate the fugacity coeﬃcients of 
the pure ﬂuid species. From this point forward, one must decide 
whether to treat the ﬂuid as an ideal or non-ideal mixture. For this 
work, ideal mixing of real (non-ideal) gases (i.e. the Lewis–Randall 
Rule) is assumed. In this context, that means that calculations for 
the fugacity of each species were made independently, and then 
the mixture was calculated as the sum of the products of the fu-
gacity of each species and the mole fraction of that species in the 
ﬂuid.
In contrast, the Modiﬁed RK equation requires the calculation 
of the a and b parameters for mixing. The MRK for the fugacity 
coeﬃcient of the ith component of a mixture consisting of both 
polar and non-polar molecules is given by Prausnitz et al. (1998)
as:
lnγi = ln
(
V
V − b
)
+ bi
V − b −
iˆ∑
j=1
ai, j X j
bRT 3/2
ln
(
V + b
V
)
+ abi
b2RT 3/2
(
ln
(
V + b
V
)
− b
V + b
)
− ln P V
RT
(A.2)Table A.1
Melt inclusion dissolved volatile concentrations used in modeling.
H2Omelt
(wt%)
COmelt2
(ppm)
Smelt
(ppm)
Lava Lake
Phon-8 0.11 300 n.d.
Phonolite (reservoir)
EA1-a 0.16 640 335
EA1-b 0.17 730 465
EA1-d 0.16 700 430
EA1-e 0.18 430 365
EA1-f 0.2 640 355
EA1-g 0.15 760 405
EA1-h 0.18 760 395
EA1-i 0.15 790 375
EA1-j 0.14 880 260
EA1-k 0.18 580 420
Average 0.17 691 381
Intermediate
97009-b 0.58 1860 635
97009-d 0.45 1490 915
97009-e 0.47 1520 525
97009-g 0.52 2040 545
97010-b 0.12 1950 755
97010-d 0.13 990 840
97011-a 0.12 1310 420
AW-82033-c 0.11 1650 1525
AW-82033-e 0.19 1940 1290
AW-82033-i 0.11 1330 1730
Average 0.28 1638 918
Basanite
DVDP3-295a 1.66 5860 2137
DVDP3-295b 1.67 4000 2062
DVDP3-295c 1.46 5950 2488
DVDP3-295d 1.67 5040 2267
DVDP3-295g 1.75 6750 2187
DVDP3-295i 1.3 5670 2352
DVDP3-295j 1.26 4890 2448
DVDP3-295l 1.57 4660 1787
DVDP3-295q 1.25 5280 1927
DVDP3-295r 1.39 7270 2007
Average 1.50 5537 2166
Phon-8: whole rock analysis of phonolite from Kyle (1977); EA1: Anorthoclase-
hosted phonolite melt inclusions (Oppenheimer et al., 2011); 97009, 97010, 97011, 
AW-82033 & DVDP3-295: Olivine-hosted tephriphonolite, phonotephrite, and basan-
ite melt inclusions (Oppenheimer et al., 2011)
Table A.2
Equilibrium constants of formation and fugacity coeﬃcients at high pressure.
logKSO2 logKH2O logKH2S logKCO2
Phon-8 10.99 7.23 1.14 7.06
EA-1 10.99 7.23 1.14 7.06
Intermediate 10.14 6.67 0.89 6.33
DVDP 3-295 9.95 6.54 0.84 6.17
γ CO γ CO2 γH2 γH2O γH2S γ S2 γ SO2
Phon-8 1.00 1.00 1.00 1.00 1.00 1.00 1.00
EA-1 1.89 1.71 1.58 0.95 1.63 1.52 1.80
Int 2.26 2.08 1.79 1.08 1.88 1.74 2.35
Basanite 2.73 2.54 2.04 1.21 2.19 2.00 3.05
Equilibrium constants of formation from Robie et al. (1978). Fugacity coeﬃcients 
calculated with a modiﬁed Redlich–Kwong equation of state at the P and T of 
interest for each sample (Table 1). Fugacity coeﬃcient values here are shown for 
calculations done at high pressure (prior to re-equilibration at 1 bar).
Here, individual values of a must be calculated for the interac-
tion of each pair of species, i and j, in the ﬂuid. The mixing rules 
used to determine the values of a and b are complex and must 
account for polar–polar, non-polar–non-polar and polar–non-polar 
molecular interactions. In addition, if the ﬂuid contains both H2O 
K. Iacovino / Earth and Planetary Science Letters 431 (2015) 59–74 71Table A.3
Calculated or modeled fugacities.
log f CO log f CO2b log fH2 log fH2Oa log fH2S log f O2 log f S2 log f SO2
High pressure
Phon-8 −0.38 0.59 −0.92 0.21 −1.13 −12.20 −2.70 −2.56
EA-1 2.21 3.65 −1.00 0.61 −1.21 −11.26 −2.70 −1.62
Intermediate 2.52 3.85 −0.43 1.24 −1.04 −9.99 −3.01 −1.36
DVDP 3-295 1.67 4.02 −0.20 2.52 0.02 −7.63 −1.23 1.71
Low pressure (1 bar)
Phon-8 −1.01 −0.05 −1.56 −0.42 −1.88 −12.20 −2.92 −2.67
EA-1 −1.40 −0.02 −4.36 −2.81 −7.54 −11.36 −8.63 −4.68
Intermediate −1.30 −0.02 −3.97 −2.36 −7.82 −10.11 −9.50 −4.73
DVDP 3-295 −2.31 −0.03 −3.86 −1.21 −7.60 −7.78 −9.17 −2.41
a Calculated using the model of Moore et al. (1998) for Phon-8, EA-1 & Intermediates or Equation (6) from Iacovino et al. (2013) for DVDP3-295.
b Calculated with Equation (1).
Table A.4
Calculated or modeled partial pressures of equilibrium ﬂuids at high pressure.
PCO PCO2a PH2 PH2O PH2S PO2 PS2 PSO2
Phon-8 0.2 3.9 0.12 1.6 0.07 6.31E−13 1.99E−03 2.78E−03
EA-1 86.1 2585 0.06 4.3 0.04 3.37E−12 1.31E−03 0.01
Intermediate 145.2 3437 0.21 16.1 0.05 5.44E−11 5.62E−04 0.02
DVDP 3-295 17.1 4133 0.31 276.9 1.85 1.07E−08 5.01E−01 69.1
a Calculated using Equation (4) for Phon-8, EA-1 & intermediates or with Equation (1) for DVDP3-295.and CO2, the value aH2O−CO2 must also account for the tendency of 
these two ﬂuids to chemically react and form carbonic acid.
The thermodynamic properties required by the non-ideal mix-
ing rules always come in the form of empirical data from experi-
ments or laboratory measurements (or conservative extrapolations 
of these data sets). Unfortunately, data concerning the interac-
tions of all species modeled in this work do not exist at relevant 
P–T conditions. Further, H2S and SO2 are moderately polar species 
and will require speciﬁc functions to describe their mixing proper-
ties.
Both ideal and non-ideal mixing scenarios have been applied to 
similar studies seeking to model the ﬂuid phase of sulfur-bearing 
experiments. Some have applied the non-ideal mixing rules assum-
ing that polar species for which no P–V–T data are available will 
act as non-polar species and/or they have extrapolated or interpo-
lated existing data sets (e.g., Clémente et al., 2004). Others have 
used an ideal mixing approach similar to that used in this work 
(e.g., Scaillet and Macdonald, 2006; Burgisser et al., 2012) and/or 
empirical models (e.g., Scaillet and Pichavant, 2003). Because of the 
overwhelming uncertainties involved, it is diﬃcult to say which 
of these approaches best approximates the natural system. Here, 
the simpler Lewis–Randall approach is preferred, and I argue that 
the more complicated treatment of the ﬂuid as a non-ideal mix-
ture is, in light of the lack of thermodynamic data necessary to 
constrain it, neither necessary nor justiﬁable in application to this 
data.
A.2. Uncertainties in model inputs
Details of melt inclusion analyses can be found in Oppenheimer 
et al. (2011). Those authors report uncertainties on FTIR H2O anal-
yses typically ±11–12% with a few samples having uncertainty as 
high as ±25%. FTIR CO2 analyses range widely from ±15–50%, with 
volatile-rich samples (e.g. basanites and maﬁc intermediates) hav-
ing the lowest errors, typically around ±15%. Sulfur concentrations 
were determined via electron microprobe and have reported errors 
of ±200 ppm.
Temperature values are taken from Kyle et al. (1992) for inter-
mediate melts based on magnetite–ilmenite pairs with a reported error of ±12 ◦C. Basanite and phonolite temperatures are based on 
the phase equilibria experiments of Iacovino et al. (in review) and 
Moussallam et al. (2013), respectively, with estimated 1σ errors 
of ±25 ◦C. Pressures were modeled with Papale et al. (2006) for 
all melts with a reported 1σ model uncertainty of ±0.096 MPa. 
Water fugacity values were calculated using the model of Moore 
et al. (1998). Using their model error estimates gives an uncer-
tainty on f H2O of ±0.48. Sulfur fugacity values are from Kyle et 
al. (1992) for intermediate melts and from Kyle (1977) for phono-
lites. The values were calculated from pyrrhotite compositions in 
Erebus rocks using the equation of Toulmin and Barton (1964)
who cite an error on the calculation of log f S2 of ±0.35. Oxy-
gen fugacities are taken from Iacovino et al. (in review), Kyle et 
al. (1992), Moussallam et al. (2013), and Kyle (1977) for basanite, 
intermediate, phonolite, and lava lake melts, respectively. Kyle et 
al. (1992) reports an uncertainty on log f O2 of ±0.15. Estimated 
uncertainties for all other melts is taken as ±0.5 log units. Fi-
nally, values for the mole fraction of CO2 in basanite melts (XCO2) 
were determined using the solubility model of Iacovino et al.
(2013) with an estimated 2σ uncertainty of 10%, or about ±0.1 
XCO2.
A Monte Carlo simulation is integrated into the model code in 
order to assess the sensitivity of model outputs to uncertainties 
in model inputs. The simulation runs the model code a very large 
number of times (n ≈ 10,000,000) varying input values randomly 
over a normal distribution about the mean (where the mean value 
is equal to the value reported for use in this work). Model outputs 
for values used in this work are most sensitive to pressure, prob-
ably due to the heavy pressure-dependence not only on solubility 
models but also on fugacity coeﬃcients, which strongly dictate the 
relative activities of volatile species in the ﬂuid. Because uncertain-
ties in pressure are very low, error on the output will also be small 
even given large model sensitivity. Fluids from degassed melts are 
more sensitive to uncertainties in dissolved H2O and S contents 
and less sensitive to dissolved CO2 contents. This implies that, even 
though uncertainties on CO2 are quite high for some melt inclu-
sions (up to 50%, see above), the effect on model outputs is not 
severe.
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Output from the simple gas mixing code.
No. Bas EQ ﬂuid Int EQ ﬂuid Phon EQ ﬂuid LL EQ ﬂuid Deep degassing Int degassing Shallow degassing
1 2 16 0 19 63 0 0
2 1 17 0 19 63 0 0
3 0 18 0 19 63 0 0
4 4 13 0 21 62 0 0
5 4 12 0 22 62 0 0
6 3 13 0 22 62 0 0
7 2 14 0 22 62 0 0
8 1 15 0 22 62 0 0
9 0 16 0 22 62 0 0
10 6 9 0 24 61 0 0
11 5 10 0 24 61 0 0
12 4 11 0 24 61 0 0
13 0 19 0 17 63 1 0
14 2 16 0 19 62 1 0
15 1 17 0 19 62 1 0
16 4 12 0 22 61 1 0
17 3 13 0 22 61 1 0
18 2 14 0 22 61 1 0
19 0 19 0 17 63 0 1
20 1 16 1 19 63 0 0
21 0 17 1 19 63 0 0
22 4 11 1 22 62 0 0
23 3 12 1 22 62 0 0
24 2 13 1 22 62 0 0
25 1 14 1 22 62 0 0
26 0 15 1 22 62 0 0
27 6 8 1 24 61 0 0
28 5 9 1 24 61 0 0
29 4 10 1 24 61 0 0
30 0 18 1 17 63 1 0
31 2 15 1 19 62 1 0
32 1 16 1 19 62 1 0
33 4 11 1 22 61 1 0
34 3 12 1 22 61 1 0
35 2 13 1 22 61 1 0
36 0 18 1 17 63 0 1
37 1 15 2 19 63 0 0
38 0 16 2 19 63 0 0
39 4 10 2 22 62 0 0
40 3 11 2 22 62 0 0
41 2 12 2 22 62 0 0
42 1 13 2 22 62 0 0
43 0 14 2 22 62 0 0
44 6 7 2 24 61 0 0
45 5 8 2 24 61 0 0
46 4 9 2 24 61 0 0
47 1 15 2 19 62 1 0
48 4 10 2 22 61 1 0
49 3 11 2 22 61 1 0
50 2 12 2 22 61 1 0
51 1 14 3 19 63 0 0
52 0 15 3 19 63 0 0
53 3 10 3 22 62 0 0
54 2 11 3 22 62 0 0
55 1 12 3 22 62 0 0
56 0 13 3 22 62 0 0
57 5 7 3 24 61 0 0
58 4 8 3 24 61 0 0
59 1 14 3 19 62 1 0
60 0 14 3 20 62 1 0
61 4 9 3 22 61 1 0
62 3 10 3 22 61 1 0
63 2 11 3 22 61 1 0
64 1 13 4 19 63 0 0
65 0 14 4 19 63 0 0
66 3 9 4 22 62 0 0
67 2 10 4 22 62 0 0
68 1 11 4 22 62 0 0
69 0 12 4 22 62 0 0
70 5 6 4 24 61 0 0
71 4 7 4 24 61 0 0
72 1 13 4 19 62 1 0
73 1 12 4 20 62 1 0
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No. Bas EQ ﬂuid Int EQ ﬂuid Phon EQ ﬂuid LL EQ ﬂuid Deep degassing Int degassing Shallow degassing
74 0 13 4 20 62 1 0
75 3 9 4 22 61 1 0
76 2 10 4 22 61 1 0
77 0 13 5 19 63 0 0
78 3 8 5 22 62 0 0
79 2 9 5 22 62 0 0
80 1 10 5 22 62 0 0
81 0 11 5 22 62 0 0
82 5 5 5 24 61 0 0
83 4 6 5 24 61 0 0
84 1 12 5 19 62 1 0
85 1 11 5 20 62 1 0
86 0 12 5 20 62 1 0
87 3 8 5 22 61 1 0
88 2 9 5 22 61 1 0
89 0 12 6 19 63 0 0
90 3 7 6 22 62 0 0
91 2 8 6 22 62 0 0
92 1 9 6 22 62 0 0
93 0 10 6 22 62 0 0
94 5 4 6 24 61 0 0
95 4 5 6 24 61 0 0
96 1 10 6 20 62 1 0
97 0 11 6 20 62 1 0
98 3 7 6 22 61 1 0
99 2 8 6 22 61 1 0
100 0 11 7 19 63 0 0
101 2 7 7 22 62 0 0
102 1 8 7 22 62 0 0
103 0 9 7 22 62 0 0
104 1 9 7 20 62 1 0
105 0 10 7 20 62 1 0
106 3 6 7 22 61 1 0
107 2 7 7 22 61 1 0
108 0 10 8 19 63 0 0
109 2 6 8 22 62 0 0
110 1 7 8 22 62 0 0
111 0 8 8 22 62 0 0
112 0 9 8 20 62 1 0
113 2 6 8 22 61 1 0
114 0 8 9 20 63 0 0
115 2 5 9 22 62 0 0
116 1 6 9 22 62 0 0
117 0 7 9 22 62 0 0
118 0 8 9 20 62 1 0
119 2 5 9 22 61 1 0
120 0 7 10 20 63 0 0
121 2 4 10 22 62 0 0
122 1 5 10 22 62 0 0
123 0 6 10 22 62 0 0
124 0 7 10 20 62 1 0
125 2 4 10 22 61 1 0
126 1 4 11 22 62 0 0
127 0 5 11 22 62 0 0
128 0 4 11 23 62 0 0
129 0 6 11 20 62 1 0
130 2 3 11 22 61 1 0
131 1 3 12 22 62 0 0
132 0 4 12 22 62 0 0
133 0 3 12 23 62 0 0
134 1 2 13 22 62 0 0
135 0 3 13 22 62 0 0
136 1 1 13 23 62 0 0
137 0 2 13 23 62 0 0
138 1 1 14 22 62 0 0
139 0 2 14 22 62 0 0
140 1 0 14 23 62 0 0
141 0 1 14 23 62 0 0
142 0 1 15 22 62 0 0
143 0 0 15 23 62 0 0
144 0 0 16 22 62 0 0
Average 1.68 9.63 5.03 21.45 61.86 0.33 0.01
All values are percentages. Each row represents an array generated by the mixing model code that satisﬁes Equation (11).
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